The brain has been known to be a sensitive target organ for the permanent organisational effects of gonadal steroids for close to 50 years. Recent advances have revealed a variety of unexpected cellular mechanisms by which steroids impact on the synaptic profile of hypothalamic nuclei critical to the control of reproduction. This review focuses on three in particular: 1) prostaglandins in the masculinisation of the preoptic area and control of male sexual behaviour; 2) GABA in the arcuate nucleus and potential control of the anterior pituitary; and 3) non-genomic activation of phosphotydolinositol 3 (PI3) kinase and glutamate in the ventromedial nucleus, which is relevant to the control of female reproductive behaviour. The importance of cell-to-cell communication, be it between neurones or between neurones and astrocytes, is highlighted as an essential principle for expanding the impact of steroids beyond those cells that express nuclear receptors.
hypothesis demonstrates that early hormone actions permanently organise the neural substrate so that it is appropriately activated by adult steroid hormone profiles derived from the mature gonads to achieve ultimate reproductive success both behaviourally and physiologically. In males, a brain phenotype that matches the gonadal phenotype is achieved by the onset of androgen production from the fetal testis during the last few days of gestation and into the first days of life. An unexpected component of this process was the discovery of a requisite conversion of testosterone to oestradiol within the brain, and that it was in fact oestradiol that was the dominant factor mediating masculinisation (4, 5) . In females the brain is, by default, programmed to provide for adult sexual receptivity and gonadotrophin secretion patterns that optimise ovulation and fertilisation. This is largely considered a hormone-independent process, similar to ovarian development, although recent evidence has challenged this view (6) .
The ability of oestradiol to masculinise the brain is restricted to a sensitive period, which in the rat begins in late embryonic life and extends postnatally for the first week to 10 days of life, depending upon the end-point. This convenient fact provides an excellent empirical tool for the study of the oestradiol mechanism of action by allowing investigators to administer oestradiol to newborn female pups and then monitor the impact in real time. This approach has been the primary tool of our research group and has provided the opportunity to dissect specific cellular events initiated by oestradiol followed by downstream sequelae that ultimately differentiate the brain into a male phenotype, or provide trophic support.
Oestradiol effects on developing neurones are not cell-autologous
When considering how steroids act on the developing brain, an easy and logical assumption is that only those cells expressing receptors for a given steroid will respond with a change in morphology and/or physiology. This seemingly simple statement not only belies the complexity of actually determining which cells have receptors for steroids, but is also inconsistent with experimental observation. Oestradiol binds to two receptor isoforms, ERalpha and ERbeta, both of which are members of a superfamily of nuclear transcription factors (7) . Many atlases of steroid receptor-containing brain regions were updated, and the brain regions considered to be oestradiol-responsive were considerably expanded, following the discovery of ERbeta in 1996 (8) . The additional discovery of a novel G-protein coupled oestrogen receptor, GPR30, in 2007 (9) further expanded the potential number of cells capable of directly responding to oestradiol. The inability to prove a negative notwithstanding, there is still an urge to distinguish one cell from another by whether or not it has an ER. This is not a futile exercise as it has certainly proved pivotal to the understanding of oestrogen-responsive gonadotrophin-releasing hormone (GnRH) neurones in the hypothalamus which definitively do not express any appreciable quantity of ERalpha, but do have some ERbeta (10, 11) , and may still prove useful in elucidating sources of individual variation in physiology and behaviour (12) . However, if we generalise to the developing brain the principle that only a subset of neurones express ER, and that only those neurones will change in response to oestradiol, we face the dilemma of searching for a needle in a haystack when trying to identify individual neurones that have been sexually differentiated. Empirically this would predict that any quantification method that either mixes ER-containing and -non-containing cells (i.e. western blot and PCR) or randomly identifies cells for morphometry (i.e. electron microscopy (EM), Golgi-Cox impregnation and immunocytochemistry) should produce low-magnitude effects with high variability. If, however, the entire population of cells within a given region changes in response to oestradiol in a co-ordinated fashion, then high-magnitude lowvariability effects would be predicted. The latter scenario has proven to be true on multiple occasions for the neurones and astrocytes of the preoptic area (13, 14) , the ventromedial nucleus (VMN) of the hypothalamus (15) and the arcuate nucleus (16, 17) . Thus, either all the neurones and astrocytes express ERs, which have gone undetected, or there is some form of cell-to-cell communication that orchestrates morphological changes across an entire region. Careful elucidation of the mechanism of oestradiol action in various regions strongly supports the latter possibility.
Immature astrocytes are responsive to oestradiol and important to establishment of sex differences in the synaptic profile Astrocytes in the arucate nucleus of the adult female are fundamental to synaptic changes occurring across the oestrous cycle and control of gonadotrophin secretion from the anterior pituitary (18) . We reported in this journal in 2002 that arcuate astrocytes also undergo a process of oestradiol-mediated sexual differentiation such that in males they are more complex with a greater number of primary, secondary and tertiary processes (19) . Multiple attempts to identify oestrogen receptors in arcuate astrocytes failed, but this became irrelevant in light of the observation that the signalling molecule mediating the effects of oestradiol on astrocyte morphology was GABA, an amino acid transmitter synthesised exclusively in neurones by the rate-limiting enzyme glutamic acid decarboxylase (GAD). Oestradiol up-regulates GAD in the developing arcuate, thereby increasing the synthesis of GABA (20), which then acts on neighbouring astrocytes to induce growth and branching of processes (Fig. 1) . The increased stellation of astrocytes is strongly inversely correlated with the development of dendritic spine synapses, which are at significantly higher density on the neurones of female rat pups than on those of males (21) . The changed morphology of astrocytes in the male arcuate is maintained throughout development and into adulthood (22) and is presumed to assist in, if not directly determine, the enduring sex difference in the synaptic profile observed in this region.
Astrocytes in the nearby preoptic area (POA) also undergo oestradiol-mediated sexual differentiation (14) and, while a potential role for GABA has not been explored, there is at least partial involvement of glutamate acting at AMPA receptors. Glutamate is also a mediator of a sex difference in dendritic spine density in this region, but with an effect opposite to that observed in the arcuate nucleus, with males having a greater spine density compared with females (13) . The POA is the primary brain region controlling male sex behaviour, and the permanent organisation of more spines per length of dendrite has been directly correlated with masculinisation of behaviour (23) . The complexity of astrocytes is positively correlated with more synapses and is again presumed, although not proven, to be a principal determinant.
Oestradiol-induced masculinisation is mediated by a prostaglandin
Shortly after the discovery that oestradiol derived from testicular androgens was a principal determinant of masculinisation or defeminisation of the brain, there were many attempts to identify the neurotransmitter system(s) mediating those effects. The usual suspects were rounded up and slowly eliminated, beginning with the catecholamines, progressing through the biogenic amines and indolamines and on through most peptides and amino acid transmitters (24) . Our own work on GABA as a determinant of behavioural masculinisation was largely ambiguous (25) . This is not to say that there is no role for other transmitters in sex differentiation; there certainly is and there are many interesting sex differences, but the final common pathway of oestradiol action for masculinisation was not found, leading to the conclusion that perhaps multiple systems were modified in concert to achieve the male phenotype. This made it all the more surprising when an unexpected cell signalling system was identified as both necessary and sufficient for masculinisation of the POA synaptic profile and adult sexual behaviour, namely prostaglandin E2 (PGE2). Prostaglandins are synthesised from arachadonic acid derived from lipid membranes by the rate-limiting enzyme cyclooxygenase (COX), which comes in two forms, a constitutive (COX-1) and inducible (COX-2) form. Oestradiol up-regulates COX-2 mRNA and protein, leading to a sevenfold increase in PGE2 in the POA of developing males compared with females. Administering PGE2 to females or a COX-2 inhibitor to males will effectively masculinise brain and behaviour or completely prevent this process, respectively (23) . PGE2 induces calcium-dependent glutamate release from astrocytes in other brain regions (26, 27) , and its effects on the development of dendritic spines on POA neurones are partially blocked by antagonism of AMPA receptors, suggesting a similar action in this brain region. This conclusion is further supported by the ability of PGE2 to induce calcium flux in cultured POA astrocytes (Fig. 2) . Taken together, these observations have led to a working model in which oestradiol up-regulates PGE2 synthesis in neurones, from which it is released to act on neigh-bouring astrocytes to induce differentiation and glutamate release which then acts back on neurones to promote the formation of dendritic spines [reviewed in Ref. (28)]. Via this route, oestradiol can act trans-cellularly to alter the morphology of neurones throughout the POA in a co-ordinated fashion.
Oestradiol non-genomically promotes glutamate release to promote dendritic spine growth in the immature mediobasal hypothalamus
The VMN is located within the mediobasal hypothalamus and is considered a critical locus in the control of female sexual behaviour (29, 30) . The morphology of dendrites in this region is also sexually dimorphic, with males having longer dendrites that branch more frequently, and as a consequence having overall more dendritic spine synapses (15, 16) . Astrocytes in the mediobasal hypothalamus are notably delayed in development compared with the arcuate and POA, and there is no effect of prostaglandins on the dendritic spine profile (15, 16) . However, oestradiol potently promotes the formation of dendritic spines on VMN dendrites, and can do so over a time-course of hours as opposed to days. The ability of oestradiol to promote dendritic spine development in the immature hypothalamus is entirely dependent upon glutamate. Antagonising either the AMPA or NMDA ionotropic glutamate receptor prevents new spine formation (31) (Fig. 3) . However, our failure to find any evidence for oestradiol-mediated changes in either the AMPA or NMDA receptor directed our attention to the presynaptic side of the equation. Combined use of electrophysiological recordings and live imaging of fluorescent dye depletion from synaptic vesicles revealed that oestradiol promotes the release of glutamate from nerve terminals. Rapid effects of oestrogens can be transduced at the membrane by direct interactions between the classic ER and MAP kinases (32) (33) (34) , as well as other kinases (35) (36) (37) . In this instance, we have determined that oestradiol-activated ER induces activation of PI3 kinase, thereby promoting the phosphorylation of Akt, and, via a mechanism that remains to be determined, promotes synaptic vesicle fusion with the terminal membrane. The increased glutamate release activates post-synaptic AMPA and NMDA receptors, which secondarily activates MAP kinases and leads to the production of dendritic spines. The presynaptic activation of PI3 kinase does not require protein synthesis and provides a novel mechanism by which oestradiol permanently organises brain development during a sensitive period (31) .
Oestradiol is synthesised locally by the developing brain
The aromatisation hypothesis, proposed over 30 years ago, neatly explained how testicular androgens could gain access to the brain by avoiding the alpha-foetoprotein buffering capacity of the foetal circulation, and then be locally aromatised within neurones in brain regions destined to be masculinised, i.e. the POA and mediobasal hypothalamus [reviewed in McCarthy (28) ]. Essential support for the hypothesis included observations that aromatase activity was highest in the neonatal telencephalon and from there declined to adult levels. Over the intervening years there has been an eroding of the boundaries of the aromatisation hypothesis such that it was considered to encompass the entire brain and to imply that all regions were equally subject to the organisational/activational paradigm. Recently this slippage has been challenged with the observation that there are no sex differences in the amount of oestradiol in some telencephalic brain regions during the perinatal sensitive period (38) and that the cerebellum robustly synthesises oestradiol, as evident from higher tissue levels than those found in the circulation (39) . The timing of oestradiol synthesis in the cerebellum appears to be delayed compared with other brain regions in that peak levels are found as late as the end of the first postnatal week, whereas levels seem to drop precipitously after birth in the few other areas that have been measured. The functional significance of locally synthesised oestradiol in the brain remains to be determined, but the lack of robust sex differences suggests that it may play an important trophic role that is independent of sexual differentiation.
Oestradiol is neuroprotective against glutamate-mediated excitoxicity
The advent of hormone replacement therapy in post-menopausal women has drawn substantial attention to the potentially beneficial effects of oestrogen(s) against catastrophic neuronal loss induced by sudden ischemia as well as aging-related gradual decline associated with Alzheimer's or other forms of dementia (40) . Ischemia-induced neuronal loss is also a major risk factor for premature infants and full-term babies alike (41) . Hippocampal neurones are particularly vulnerable to the glutamate-induced excitoxicity that occurs consequent to oxygen deprivation (42) , and this is no less true for immature neurones. Physiologically relevant levels of oestradiol potently protect against glutamate-induced cell death of hippocampal neurones treated in vitro, but the mechanism by which this is achieved is fundamentally different from in mature neurones. The divergence from the adult begins with the source of calcium, which is extracellular in the adult but derives from internal stores released by activation of metabotropic glutamate receptors (mGluRs) in the neonate (43) . Oestradiol down-regulates type I mGluRs and as a consequence dampens the amount of free calcium released into the cytoplasm. This raises the intriguing possibility that de novo oestradiol synthesis by the developing hippocampus is a pre-emptive step to reduce damage in the event of an ischemic event, including that associated with the natural birth process.
The mechanisms of oestradiol action are distinct and regionally specific
In this review we have highlighted at least four distinct mediators of oestradiol action in four separate brain regions: GABA in the arcuate, prostaglandins in the POA, glutamate release in the mediobasal hypothalamus and down-regulation of mGluR in the hippocampus. We have not included discussion of the well-characterised protective effect of oestradiol on naturally occurring cell death in the sexually dimorphic nucleus (SDN) or the opposite effect in the anteroventral periventricular (AVPV) nucleus of the POA (44) . Oestradiol promotes the growth of axons from the principle nucleus of the bed nucleus of the stria terminalis (pBNST) via a target-derived diffusible factor (45) , and down-regulates the growth-associated protein focal adhesion kinase (FAK) and paxillin in the hypothalamus (46) . All of these events occur within the first few days of life and therefore at essentially the same time. Thus, instead of a unified field theory in which oestradiol acts through one common mechanism in multiple brain areas to promote masculinisation, there is a complex orchestra of distinct instruments which provides for an infinite variety of musical arrangements that produce a unique symphony of brain development in each individual. Mechanisms of oestradiol-mediated organisation of sexually dimorphic synaptic patterning. Three distinct hypothalamic nuclei show profound sex differences in the number and/or density of dendritic spines and attendant excitatory synapses. In each of these regions, oestradiol (E2) is locally aromatised from testicularly derived testosterone (T). The preoptic area is a critical brain region for control of male sexual behaviour. Early in life, males have two-to threefold more dendritic spines along a given length of dendrite than females. Oestradiol increases the synthesis of prostaglandin E2 (PGE2) by up-regulating the rate-limiting cyclooxygenase 2 (COX-2) enzyme (13) . PGE2 is then believed to act on neighbouring astrocytes, increasing the stellate morphology of this cell type and inducing the release of glutamate, which in turn promotes the formation of dendritic spines on the originating or neighbouring neurones. In the ventromedial nucleus (VMN), a critical brain region controlling female sexual behaviour, oestradiol directly promotes the release of glutamate from neurones via a non-genomic activation of PI3 kinase. This presynaptic glutamate then promotes dendritic growth and formation of dendritic spines on the postsynaptic neurone (31) . The arcuate nucleus contributes to control of the anterior pituitary and to female reproductive behaviour. In this nucleus oestradiol acts in neurones to increase GABA synthesis by up-regulating the rate-limiting enzyme glutamic acid decarboxylase (GAD). GABA then acts on neighbouring astrocytes, increasing process growth and branching (19) . The end result is a decrease in the density of dendritic spine synapses, the opposite of the pattern achieved in the other two brain regions. There is also emerging evidence for de novo, from cholesterol, synthesis of oestradiol in the developing hippocampus, cortex and cerebellum, although the mechanisms by which oestradiol might be acting in these brain regions are as yet unknown. Oestradiol non-genomically induces glutamate release to promote synaptogenesis. (A) GolgiCox impregnation of neurones in the ventromedial nucleus (VMN) of 2-day-old rat pups reveals that dendrites in males are longer, branch more frequently (16) and have a greater number of dendritic spines (15) , the site of excitatory synapses, than females. Treatment of females with testosterone for 48 h increases the growth of dendrites such that the morphology no longer differs from that in males. (B) Spinophilin has proved a reliable proxy marker for dendritic spines and is at two-to threefold higher levels in males than females. Treatment of females with oestradiol, the aromatised product of testosterone, again reverses the sex difference and this can be achieved in as little as 6 h. (C) The effects of oestradiol are prevented by antagonising glutamate receptors, implicating glutamate release in the downstream sequelae of oestradiol action. (D) A series of experiments have now established that oestradiol binds to oestradiol receptor ERalpha and subsequently activates PI3 kinase, promoting glutamate release. Glutamate binds to AMPA and NMDA receptors on the adjacent neurone, leading to activation of MAP kinase, phosphorylation of ERK, induction of spinophilin synthesis and the construction of new spines. This transneuronal communication is a novel mechanism for establishing sex differences in the brain and does not rely on ERs being present in the neurone in which synaptic changes are induced by oestradiol (31) . NBQX, ampa receptor antagonist; IAD, integrated area density.
